We assessed the contributions of human liver and adipose tissue de novo lipogenesis (DNL) to triacylglycerol (TAG) synthesis. Volunteers were fed a high-energy, highcarbohydrate diet (HC, n ‫؍‬ 5) or a normocaloric diet (NC, n ‫؍‬ 10). NC subjects remained in the fasting state (Study 1, n ‫؍‬ 5) or received oral glucose (Study 2, n ‫؍‬ 5) throughout the test (12 h). HC subjects remained in the fasting state 
The appearance of obesity results from a long-term imbalance between storage and mobilization of triacylglycerols (TAGs) in adipose tissue. Mobilization of TAG stores could be impaired in some obese patients through genetic variations or abnormal regulation of adrenoceptors (1) or hormone sensitive lipase (1, 2) , resulting in a decreased lipolytic activity of adipocytes. A decreased ability to oxidize long-chain fatty acids (FAs) (3) could also promote the storage of orally ingested TAG and contribute to the development of obesity. Less is known about the possible role of an increase of lipogenesis in promoting excessive fat storage. De novo lipogenesis (DNL), which occurs in liver and adipose tissue, is considered in humans to be a minor pathway unlikely to play a significant role in the regulation of fat stores (4, 5) ; however, hepatic lipogenesis can be largely modified in lean subjects by modifications of total energy intake, dietary fat-carbohydrate ratio, or glucose and/or insulin concentration (6) (7) (8) . Hepatic lipogenesis was not found increased in obese subjects receiving the normocaloric diet for 2 weeks (9), but was increased in ad libitum-fed obese subjects (10, 11) ; it could thus contribute on a long-term basis to the development of excessive fat stores. In vitro, insulin stimulates the transcription (12) and the activity (13) of FA synthase (FAS) in cultured human adipocytes. Whether human adipose tissue lipogenesis can also be modified in vivo by metabolic and dietary factors and could contribute to the development of obesity remains debatable. This issue has important implications given the increasing prevalence of obesity on one hand and the present recommendation of high carbohydrate-to-fat ratio in the diet on the other hand (6, 14) . Studies measuring the incorporation in adipose tissue of radioactivity from 14 C-labeled glucose suggest that adipose tissue lipogenesis contributed little to the metabolic fate of an oral glucose load (15) . Measuring lipogenic activity in adipose tissue samples obtained from obese subjects fed a high-carbohydrate (HC) diet, Sjöström concluded that DNL in adipose tissue was of little quantitative importance (16) . On the other hand, recent studies of overfed control subjects showed that net fat synthesis determined by indirect calorimetry was largely increased in these subjects (17) and that the stimulation of hepatic lipogenesis explained only a small part of this increase in lipid synthesis (8) . These findings strongly suggested that lipogenesis was also stimulated in other tissue, presumably adipose tissue, and thus that adipose tissue DNL could be involved in the development of excessive fat stores; however, the evidence obtained in these studies for an increase in adipose tissue lipogenesis was only indirect. Moreover, the situation investigated massive overfeeding with very high carbohydrate-to-fat ratio was extreme, and thus the relevance of the results obtained to clinical nutrition was limited; therefore, we tested in the present study whether less drastic variations of dietary factors can modulate in human beings lipogenesis in adipose tissue as in liver. To achieve this aim, we compared the responses of human liver and adipose tissue lipogenesis to short-term oral ingestion of glucose and to a 2 week moderate increase in both total energy and carbohydrate dietary intake. This was performed by using a dual tracer method allowing a separate labeling of hepatic and adipose tissue lipogenesis. In addition, the response of the expression of the lipogenic pathway in adipose tissue was determined by measuring the concentrations in subcutaneous adipose tissue of mRNAs for FAS, acetyl-CoA carboxylase 1 (ACC1), the ACC isoform implicated in lipogenesis, and sterol-regulatory element-binding protein-1c (SREBP-1c), the main transcription factor controlling FAS and ACC1 expression (18) .
SUBJECTS AND METHODS

Subjects
Written informed consent was obtained from 15 normal subjects after explanation of the nature, purpose, and possible risks of the study. This group consisted of seven women and eight men (aged 19 to 51 years, BMI 19 to 25) . No subject had a personal or familial history of diabetes or obesity or was taking any medication; all had a normal physical examination and normal plasma glucose and lipids concentrations ( Table 1 ) . Subjects with unusual dietary habits were excluded.
Protocols
The protocol was approved by the INSERM and the local ethical committee, and the study was conducted according to the French Hurriet law. Three studies were performed. Studies 1 and 2 were conducted in subjects consuming their usual diets during the previous weeks, while Study 3 was carried out in subjects who consumed during the previous 2 weeks a high-energy (140-150% of energy needs), HC (60-65% of total energy intake), mainly complex carbohydrates (60% of carbohydrates) diet. This diet was provided by a dietitian who met with each subject before the high-energy, HC diet period to obtain a report of the subject's usual diet and to establish the subject's requirements during the controlled diet period. The dietitian met with each subject during and at the end of the controlled diet period. A detailed report of each subject's dietary intake during the last week of the controlled diet period was obtained, and the actual intakes were calculated using the Cuqual tables. A detailed report of the dietary intake during the week preceding the metabolic study was also obtained for each subject studied while consuming his/her usual diet (Studies 1 and 2) .
The general protocol was the same for the three studies. Tests were initiated at 07:00 h in the postabsorptive state. An indwelling catheter was inserted in a forearm vein for blood sampling. After initial blood sampling and collection of expired gas, a sample of abdominal subcutaneous adipose tissue (150-250 mg) was obtained by needle biopsy under local anesthesia and immediately stored in liquid nitrogen. The subjects then drank a loading dose (LD) of deuterated water (99% MPE) (3 g/l of body water) and [1,2-13 C 2 ]acetate (99% MPE) (5 mg/kg of body weight), both from Cambridge Isotopes. Blood samples and expired gas were collected every hour for 12 h. Abdominal subcutaneous adipose tissue samples were collected again at 6 h and 12 h, each time at a different site separated from the previous site(s) by at least 8-10 cm. Respiratory gas exchange was measured from 0 h to 1 h and then from 5 h to 6 h and 11 h to 12 h. During the first study, the subjects (n ϭ 5) remained in the fasting state and drank 2.5 mg/kg of [1,2-13 C 2 ]acetate diluted in water enriched (6 g/l) with deuterated water each hour. During the second study, the subjects (n ϭ 5) also ingested glucose (1 g/kg) at 1 h, followed by the ingestion of 20 g glucose every hour until the end of the test. This represented 1,100-1,150 calories/12 h, thus above the resting energy expenditure of the subjects (700 Ϯ 25 calories/12 h). The third study (n ϭ 5) was comparable to the first one except that the subjects were studied after 2 weeks of the HC diet.
Analytical procedures
Metabolites were assayed using enzymatic methods on neutralized perchloric extracts of plasma (glucose) or on plasma (NEFA, TAG). Plasma insulin and glucagon concentrations were determined by radioimmunoassay. Methods for preparing samples for the measurement of deuterium and 13 C enrichment in the palmitate of plasma TAG [previous studies showed that comparable results are obtained using either VLDL-TAG or plasma TAG (19) ] have been published in detail previously (19, 20) . Determinations of deuterium and 13 C enrichments were performed on a gas chromatograph coupled with a mass spectrometer (HP5890, Hewlett-Packard, Palo Alto, CA) operating in the electronic impact ionization mode (70 eV). Ions 270 to 273 were selectively monitored. The ratio 271:270 was used to measure deuterium enrichment since, at the deuterium enrichment level obtained in body water, deuterium incorporation in the molecules synthesized produces only singly labeled palmitate (19) . The ratio 272:270 was used to calculate 13 C enrichment since incorporation of [1,2-13 C 2 ]acetate gives palmitate labeled with two 13 C. Since any increase in the 271:270 ratio results in a rise in the 272:270 ratio, this contribution was subtracted from the measured 272:270 in order to obtain the true enrichment in 13 C (21). These measurements of deuterium and 13 C enrichments in the palmitate of plasma TG assume that there was no significant recycling in liver of [1,2-13 C 2 ]acetate resulting in the appearance of singly labeled acetate molecules. Deuterium enrichment in plasma water (IEw) was measured by the method of Yang et al. (22) . For all the enrichments measured by gas chromatographymass spectrometry, the lowest enrichment measurable was 0.1%. 13 C enrichment in the CO 2 of expired gas was measured by isotope ratio mass spectrometry (IRMS) (23) .
Since labeled TAG incorporated in adipose tissue was diluted by a large pool of unlabeled TAG, deuterium and 13 C enrichment were measured by IRMS. Briefly, adipose tissue lipids were extracted using the Folch procedure (24), and TAG was purified by thin-layer chromatography, dried under nitrogen, and transferred into 18 cm sealed combustion tubes (Vycor, Corning Glass Works, NY). Cupric oxide (0.5 g) and a 2 cm length of silver wire were added and tubes sealed at less than 20 mtorr pressure. TAG samples were then combusted to 13 C-enriched CO 2 and deuterium-enriched water for 4 h at 520 Њ C. The generated CO 2 was transferred under vacuum into Vycor tubes for measurement of 13 C enrichment. 13 C enrichment in CO 2 was then measured by IRMS (SIRA 12, Isomass, Cheshire, UK). Deuterium-enriched water was vacuum distilled into sealed tubes containing 60 mg zinc reagent and reduced to deuterium-enriched hydrogen gas at 520 Њ C for 30 min. Deuterium enrichment was measured by IRMS using a manually operated dual inlet system (VG Isomass 903D, Cheshire, UK). The lowest enrichment measurable by IRMS for deuterium and 13 C was 0.5 ␦ per mille above reference value.
mRNA measurements
Procedures for the extraction of total RNA and the measurements of mRNA concentrations of FAS, ACC1, and SREBP-1c have been described previously (11, 25, 26) .
Calculations
Carbohydrate and lipid oxidation rates were calculated from respiratory gaseous exchange and urinary nitrogen excretion data (27) . The fractional contribution (FSR) of lipogenesis to the plasma TAG pool was calculated from the deuterium enrichments in TAG palmitate and in plasma water as previously described (19, 20) . An important assumption (28) , and possible limitation, in these calculations of lipids synthesis is that the number of incorporation sites of deuterium in the molecules synthesized is not significantly modified by the metabolic state. Hepatic lipogenesis was not calculated from 13 C incorporation since, with the dose of labeled acetate used, there was no measurable apparition of molecules of palmitate labeled with two labeled acetates, and therefore mass isotopomer distribution analysis could not be used to calculate 13 C enrichment in the lipogenic pool of hepatic acetyl-CoA.
Fat-free mass (FFM) was calculated from the LD of deuterated water ingested, and the IEw as FFM ϭ (LD-IEw) Ϫ 0.732 (29) . The ratios of deuterium over 13 C enrichment in TAG of adipose tissue and in palmitate of plasma TAG were calculated. These ratios were used to differentiate the direct (through in situ DNL) labeling of adipocytes TAG from indirect labeling (through uptake of FAs synthesized and released by the liver in VLDL TAG). This ratio approach used the following modeling assumptions. Deuterated water equilibrates in the whole-body pool of water. Acetate, on the contrary, is efficiently taken up and produced by the liver, and during oral administration of 13 C acetate, the enrichment in peripheral blood is considerably less than in portal blood (30) . Therefore, hepatic lipogenesis incorporates in the synthesized palmitate both deuterium and 13 C, and produces VLDL-TAG labeled by both tracers. On the contrary, adipose tissue lipogenesis, if active, will give FA labeled only with deuterium. Comparison of the deuterium and 13 C enrichments measured in circulating TAG and in the TAG of abdominal subcutaneous adipose tissue obtained by needle biopsy thus permits determina-
All results are shown as means Ϯ SEM. Comparisons were performed with one-way (between-test comparison) or two-way (within-test comparisons) ANOVA followed by Student's t -test to locate the differences.
RESULTS
Dietary intake
There was no difference between the dietary intakes preceding Studies 1 and 2. As expected, total energy intake and the contribution of carbohydrate to this intake were largely increased during the 2 weeks preceding Study 3, while the contribution of fat was decreased ( P Ͻ 0.01 for all). The increase in carbohydrate intake was associated with a parallel increase in fibers and fructose intakes ( P Ͻ 0.05). Absolute fat intake was also moderately increased during the HC, this increase being significant ( P Ͻ 0.05) for saturated, monounsaturated, and polyunsaturated FAs.
Hormones and metabolites values
In the postabsorptive state, there were no significant differences between the three groups of subjects despite the expected trend for lower NEFA and increased insulin and TAG concentrations in the subjects of Study 3 ( Table  2 ). In addition, these subjects gained body weight ( P Ͻ 0.05) during the 2 weeks of controlled HC (mean body weight gain: 1.5 kg). Figures 1 and 2 show the evolutions of glucose, insulin, NEFA, and TAG during the three tests. As expected, both glucose and insulin were markedly higher and NEFA lower (P Ͻ 0.01) during Study 2 (with oral glucose ingestion) than during the two other studies. The evolution of these parameters, with a progressive decline in insulin and rise in NEFA, was comparable for Studies 1 and 3, although insulin was slightly higher (P Ͻ 0.05) at time 660 min and 720 min of Study 3 (after HC). The evolution of TAG was comparable during the three studies, with a trend for higher values throughout the whole test in Study 3. As expected, respiratory quotient decreased throughout the tests during Studies 1 and 3 and increased during the tests of Study 2. The initial values during Study 3 were higher (P Ͻ 0.05) than during the two other series of tests. Carbohydrate oxidation rates decreased while lipid oxidation increased throughout the tests during Studies 1 (Fig. 3) . Oral glucose ingestion (Study 2) induced a rise in carbohydrate oxidation and a fall in lipid oxidation rates. Figure 4 shows deuterium enrichment of plasma water and 13 C enrichment in the CO 2 of expired gas during the three studies. Plateau values of deuterium enrichment were obtained for all studies. The kinetics of 13 C enrichment in expired gas were identical, showing that 13 C acetate absorption and oxidation during the three tests were comparable. The values for deuterium and 13 C enrichment in plasma and adipose tissue TAG are shown in Table  3 . During Study 1, these values in plasma TAG decreased between 6 h and 12 h, and hepatic lipogenesis, calculated from the deuterium enrichments, decreased (P Ͻ 0.05) ( Table 4) . During Study 2 (with oral ingestion of glucose), deuterium enrichment in plasma TAG was slightly higher at 6 h than in Study 1, and increased further at 12 h. Therefore, hepatic lipogenesis increased (P Ͻ 0.05) during the test instead of decreasing, and was at 12 h higher (P Ͻ 0.05) than in Study 1 ( Table 4 ). 13 C enrichment of plasma TAG was also higher than in Study 1, and increased between 6 h and 12 h, confirming thus the increase in hepatic lipogenic rate. During Study 3 (after the HC), both 13 C and deuterium enrichments were higher at 6 h than during the two other studies (P Ͻ 0.05), but the values declined thereafter, as in Study 1. At 12 h, the values, although always higher than in Study 1, were comparable to those observed at the end of Study 2. Hepatic lipogenesis was at 6 h greater (P Ͻ 0.05) than during the other two studies (Table 4) During the three studies, there was no detectable appearance of excess 13 C in adipose tissue TAG either at 6 h or at 12 h. On the contrary, deuterium abundance increased during the three studies; this enrichment was slightly more important during Study 3 than during the two other studies. Therefore, the 13 C-deuterium enrichment ratio in adipose tissue was 0 at the end of the three studies. Since in situ lipogenesis was the only detectable source of TAG labeling by deuterium in adipose tissue, we used this deuterium enrichment to estimate the FSR of adipose tissue lipogenesis to adipose TAG stores during the 12 h of the test. These FSRs were 0.00011 Ϯ 0.00004, 0.00004 Ϯ 0.00001, and 0.00014 Ϯ 0.00004 for Studies 1, 2, and 3, respectively. These FSRs were then converted in estimates of absolute synthetic rates (ASRs) using the total body fat mass (FM) calculated from the dilution of deuterated water, as a measure of TAG stores: ASR ϭ FSR.FM. Adipose tissue lipogenic rates were estimated to be 0.27 Ϯ 0.14 g, 0.16 Ϯ 0.05 g, and 0.41 Ϯ 0.19 g during Studies 1, 2, and 3, respectively (no differences between the three studies despite a trend for higher values in Study 3). These values are comparable to those obtained for hepatic lipogenesis for Study 1, but lower (P Ͻ 0.05) during Study 2 (acute stimulation by oral glucose) and Study 3 (2 weeks overfeeding). These values for adipose and liver lipogenesis should be considered as estimates rather than truly quantitative, but, considering both the fractional values and these quantitative estimates, adipose tissue lipogenesis clearly appears poorly responsive to both acute and chronic stimulation by carbohydrate ingestion, contrary to liver lipogenesis. It is also clear that the sum during Study 2 of hepatic and adipose lipogenesis (0.5-1 g) was low compared with the total amount of glucose ingested (260-280 g) and of total carbohydrate oxidation rate calculated from indirect calorimetry (around 120 g). This sum also represented only a minor pathway for the disposal of the large amount of carbohydrate ingested by the subjects during the HC diet.
Deuterium and 13 C IE and in plasma and adipose tissue TAG
Adipose tissue mRNA concentrations
mRNA concentrations measured at 0 h and 12 h are shown in Table 5 . FAS mRNA decreased during Study 1 (P Ͻ 0.05). When oral glucose was given, these concentrations remained at the initial values. After 2 weeks of hypercaloric HC feeding, the initial values of FAS mRNA were not modified, and decreased again (P Ͻ 0.05) during the 12 h of the test. There were no significant variations of ACC1 mRNA values during Studies 1 and 2. The values observed at 0 h and 12 h during Study 3 were lower than the corresponding values of the two other studies. SREBP-1c mRNA levels were at time 0 h slightly decreased (P Ͻ 0.05) in Study 3 compared with Studies 1 and 2. These values decreased at 12 h in Study 1 (P Ͻ 0.05 vs. time 0), and remained at basal levels in Study 2. The decline in Study 3 failed to reach significance (P ϭ 0.15). 
DISCUSSION
We compared the response of liver and adipose tissue lipogenesis to acute and chronic stimulation by carbohydrate ingestion. Hepatic lipogenesis was, in agreement with previous studies (7, 8, 31) , clearly responsive to both acute and chronic stimulation while adipose tissue DNL appeared, on the contrary, poorly responsive. This conclusion is based on several lines of evidence. First, although oral glucose ingestion in Study 2 prevented the decrease in both FAS and SREBP-1c mRNA concentrations observed in Study 1, there was no increase in these concentrations or in ACC1 mRNA value. This strongly suggests that the expression of lipogenic genes, and presumably the activity of the corresponding proteins, were only minimally stimulated in adipose tissue by the 12 h rise in plasma insulin and glucose. Measurements of protein amounts and enzyme activity were precluded by the small amount of adipose tissue obtained by needle biopsy. However, there is no short-term regulation of FAS activity, and changes in activity are linked to changes in mRNA level (32) . With respect to SREBP-1c, the present evidence is that its main regulation is at the transcriptional level and that its activation by proteolytic cleavage is probably a constitutive, nonregulated process (33) . The present in vivo result contrasts with in vitro studies showing a stimulation of FAS expression and activity by insulin in human adipocytes (12) . Second, FAS, ACC1, and SREBP-1c mRNA levels were not increased, but rather decreased, during the HC, suggesting strongly that the lipogenic pathway was not stimulated in adipose tissue by carbohydrate overfeeding. Third, these results are consistent with the tracer-derived estimates of adipose tissue lipogenesis we obtained. The comparison of deuterium and 13 C enrichments in plasma and adipose tissue TAG clearly shows that adipose tissue lipogenesis was active under the three situations studied. The lack of detectable enrichment in 13 C of adipose TAG does not exclude that some uptake of TAG-FA occurred, but shows that this uptake, if present, is low and does not contribute to the deuterium enrichment measured in adipose TAG. There was, however, no stimulation of lipogenesis in adipose tissue by acute glucose oral load, and only a nonsignificant trend for a higher lipogenic rate after chronic carbohydrate overfeeding. As a result, adipose tissue lipogenesis, which was quantitatively comparable to liver lipogenesis in the absence of stimulation (Study 1), became less important during either acute or chronic stimulation by carbohydrate feeding. Overall, our results agree with those of previous studies that used the incorporation in adipose tissue lipids of 14 C from glucose to estimate lipogenesis (4, 5, 15, 34) . We therefore think that the stimulation of adipose tissue lipogenesis by massive carbohydrate overfeeding suggested by the study of Aarsland et al. (8) is, if real, present only during such extreme, unphysiological conditions. The regulation of adipose tissue lipogenesis therefore appears to be different in human beings compared with some other mammalian species. In rats, for example, adipose tissue lipogenesis is more active and is, as is liver lipogenesis, responsive to high insulin/glucose levels and to variations of carbohydrate intake (35, 36) . SREBP-1c plays a major role in the regulation of lipogenic genes expression, at least in their response to insulin (18, 37, 38) . This transcription factor is a major determinant of the lipogenic capacity of mammalian and avian tissues (39) . Therefore, it is possible that SREBP-1c expression is low in human adipose tissue compared with other species, but such a comparison between human beings and other species has not been performed to our knowledge. The lack of response in our study of adipose tissue FAS and ACC1 expression and lipogenesis to acute or chronic carbohydrate overfeeding could be related to the lack of increase of SREBP-1c mRNA. Since SREBP-1c expression is stimulated in rats by dietary carbohydrates and/or insulin (18, 40, 41) , it remains to be determined why this stimulation is absent in human adipose tissue.
The comparison of the quantitative estimate of hepatic and adipose lipogenesis during Study 2 with the amount of glucose ingested (less than 1 g vs. 250-270 g) shows that the contribution of this metabolic pathway to the disposal of ingested glucose was minimal. The increase of hepatic and adipose lipogenesis after a hypercaloric HC diet (1-1.5 g/day) was also moderate, and can thus explain only a minimal part of the weight gain of the subjects (1,500 g on average during the 2 weeks of controlled diet). Since liver biopsies for measurement of tracer incorporation in liver TAG were not performed for obvious ethical reasons, we cannot exclude the possibility that some newly synthesized FAs remained within liver TAG stores. However, it seems very unlikely that an increase in liver TAG stores could explain a large part of the disposal of ingested glucose in Study 2 and of the weight gain observed during the HC diet. An increase in lipogenesis in another tissue is unlikely. Therefore, the most probable explana- tions for the observed body weight increase are merely a repletion of muscles and liver glycogen stores, along with the simultaneous storage of water and the suppression of fat oxidation leading to the deposition of ingested fat. Moreover, although the contribution of fat to total energy intake was decreased during the HC diet, the total amount ingested was increased.
In conclusion, our results show that in normal humans, adipose tissue lipogenesis, although active, is quantitatively a minor pathway and is less responsive than hepatic lipogensis to acute or prolonged carbohydrate overfeeding. The picture could be different in obesity, but the recent finding that lipogenic gene expression is decreased in the adipose tissue of obese subjects (11) makes this possibility improbable. Thus, DNL in adipose tissue is an unlikely contributor to the development of dietary-induced obesity in humans.
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